2؉ -independent lectin activity for ␣2-3-linked sialic acid-containing receptors is associated with Streptococcus gordonii DL1 (Challis) but not with a spontaneous mutant, strain D102, that specifically lacks hemagglutinating activity. Comparison of crossed-immunoelectrophoresis patterns of parent and mutant sonicated cell extracts identified a unique antigen (Hs antigen) in the parent cell extract that was purified by DEAE Sephacel column chromatography and by a wheat germ agglutinin (WGA) lectin affinity column. The purified antigen formed a single arc in crossed immunoelectrophoresis with anti-DL1 serum and migrated as a diffuse band above the 200-kDa marker in sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Immunoelectron microscopy with specific anti-Hs antibody revealed labeling of structures in the fibrillar layer of strain DL1 and no labeling of fibrillar structures on strain D102. Rabbit anti-DL1 serum and anti-Hs Fab inhibited the hemagglutinating activity of strain DL1, and the inhibition was specifically neutralized by purified Hs antigen. Anti-Hs Fab did not inhibit the hemagglutinating activities of several heterologous S. gordonii strains; however, these bacteria were agglutinated by anti-Hs immunoglobulin G and also by WGA. In contrast, two S. gordonii strains that lacked hemagglutinating activity did not react with anti-Hs antibody or with WGA. These findings associate the sialic acid-binding lectin activity of S. gordonii DL1 with a specific fibrillar antigen, which is composed of protein and WGA reactive carbohydrate, and indicate that crossreactive antigens occur on other strains of this species that possess hemagglutinating activity.
The sialic acid-reactive lectins of oral viridans group streptococci may contribute to microbial adhesion and colonization as well as to the clearance of bacteria from the oral cavity (22) . The lectin activity of these bacteria was initially detected by aggregation of streptococci in the presence of saliva, an interaction that did not occur following sialidase treatment of highmolecular-weight salivary mucins and glycoproteins (30, 33) . Subsequently, Gibbons and coworkers (20, 21) found that the interaction of streptococci with saliva-coated hydroxyapatite (SHA), an in vitro model of bacterial adhesion to the tooth surface, also was reduced by pretreatment of SHA with sialidase. In addition, adhesion of oral streptococci to erythrocytes (RBC) (25, 40) and to human polymorphonuclear leukocytes (29) is sensitive to sialidase treatment of these host cells. Potential receptor structures for streptococcal sialic acid binding lectins include O-linked oligosaccharides with ␣2-3-linked sialic acid termini in various glycoconjugates such as salivary mucins (40) , secretory immunoglobulin A1 (IgA1) (45) , and leukosialin on polymorphonuclear leukocytes (44) .
Characteristic differences between streptococcal aggregation in the presence of saliva and streptococcal adhesion to SHA suggest that these interactions depend not only on different salivary macromolecules but also on different bacterial lectins (43) . The most extensively studied sialic acid-binding streptococcal lectin is SspB (previously termed SSP-5), a 205-kDa cell surface protein of Streptococcus gordonii M5 (formerly S. sanguis) that is a member of the antigen I/II family (26) . This protein mediates Ca 2ϩ -dependent aggregation of strain M5 by a high-molecular-weight salivary glycoprotein (8) (9) (10) (11) . However, the involvement of SspB in other sialidase-sensitive interactions is unclear, since a fibrillar glycoprotein with a subunit molecular weight in excess of 300,000 and a nonglycosylated protein composed of disulfide-linked 96-and 70-kDa subunits were associated with saliva-induced aggregation of S. sanguis 12 (37, 38) and hemagglutinating activity of Streptococcus mitis KS32AR (39, 40) , respectively.
The objective of the present study was to associate a specific bacterial cell surface antigen with sialidase-sensitive streptococcal adhesion. This adhesive property was exhibited by most S. gordonii as well as S. sanguis strains but, interestingly, not by S. gordonii M5, which lacked hemagglutinating activity and also failed to adhere to sialidase-sensitive receptors of SHA (25) . These observations suggest that a cell surface component other than SspB, which occurs on strain M5 (11) , mediates sialidasesensitive adhesion of a number of oral streptococci. In the present study, a specific fibrillar antigen, which was composed of protein and carbohydrate, was associated with the hemagglutinating activity of S. gordonii DL1 (Challis). In addition, related antigens on other strains of S. gordonii that possess hemagglutinating activity were detected.
MATERIALS AND METHODS
Bacteria and growth conditions. All strains of S. gordonii, S. sanguis, and Streptococcus oralis have been previously described (25, 27) . In addition, two strains were generously obtained from other investigators: S. gordonii M5 from D. R. Demuth, University of Pennsylvania, Philadelphia, Pa., and Streptococcus parasanguis FW213 from P. M. Fives-Taylor, University of Vermont, Burlington, Vt. Streptococci were stored as frozen stocks and cultured overnight at 37°C in complex medium containing 0.5% tryptone, 0.5% yeast extract, 0.5% K 2 HPO 4 , 0.05% Tween 80, and 0.2% glucose (32) .
Mutant isolation. Spontaneous mutant strain D102 was isolated following enrichment of S. gordonii DL1 (Challis) for bacteria that lacked hemagglutinating activity. Initially, S. gordonii DL1 from an overnight broth culture (10 ml) and canine RBC from citrated blood (NIH Animal Center, Poolesville, Md.) were washed and suspended in RPMI 1640 (Biofluids Inc., Rockville, Md.). Equal volumes (3 ml) of the bacterial cell (approximately 10 9 /ml) and the RBC (2% by volume) suspension were incubated for 1 h in an ice bath with gentle mixing to promote hemagglutination. Agglutinated bacteria and RBC were allowed to settle, and the upper 1 ml of clear supernatant fluid containing nonadherent bacteria was transferred into 10 ml of broth for overnight growth at 37°C to obtain bacteria for the ensuing cycle of enrichment. The bacterial population obtained following three cycles of enrichment lacked hemagglutinating activity and was plated on brain heart infusion agar (Difco Laboratories, Detroit, Mich.). Of 20 colonies examined, 2 isolates exhibited reduced hemagglutinating activity and 18 were unreactive with canine RBC. One of the latter isolates (S. gordonii D102) was selected for further characterization.
Bacterial adhesion. Bacterium-mediated hemagglutination of canine or human type O RBC that were untreated or treated with type X neuraminidase from Clostridium perfringens (Sigma Chemical Co., St. Louis, Mo.) was performed in a total volume of 50 l by mixing 25-l aliquots of bacteria in serial twofold dilutions, starting with approximately 2 ϫ 10 9 /ml, with 25-l aliquots of 0.5% RBC in round-bottom wells of polyvinyl microtitration plates (25) . Bacteria tested for hemagglutinating activity were untreated or treated for 1 h at 37°C with 1 mg of pronase (Calbiochem, LaJolla, Calif.) (6) per ml or for 1 h at room temperature in the dark with 0.01 M NaIO 4 in sodium acetate buffer (0.02 M; pH 4.0) containing 0.15 M NaCl (35) . Assays were performed in Tris-buffered saline (20 mM Tris-HCl [pH 7.4], 0.15 M NaCl, 0.1 mM CaCl 2 , 0.02% NaN 3 ) containing 0.2% bovine serum albumin (fraction V; Sigma) (TBS-BSA) or in Ca 2ϩ -free TBS-BSA containing 10 mM EGTA. The endpoints of titrations (i.e., the lowest concentration of bacteria that caused visible agglutination of RBC) were determined after overnight incubation at 4°C and gentle suspension of cells at room temperature.
Minimum concentrations of antibody for inhibition of bacterium-mediated hemagglutination were determined in round-bottom wells of polyvinyl microtitration plates in a total volume of 75 l. Serial twofold dilutions of immunoglobulin (25-l aliquots) were mixed for 30 min at room temperature with 25-l aliquots of bacterial cell suspensions containing two hemagglutinating units (approximately 1.5 ϫ 10 6 streptococci) prior to the addition of 25 l of canine RBC (0.75%), and hemagglutination was determined as described above.
Minimum concentrations of different antigen preparations that neutralized antibody inhibition of bacterial hemagglutination in a total volume of 100 l were determined. Serial twofold dilutions of soluble antigen (25-l aliquots) were incubated for 30 min at room temperature with 25-l aliquots of antibody at a concentration that was four times that required for inhibition of bacterial hemagglutination. Bacterial cell suspension (25 l containing two hemagglutinating units) was then added to each well, the wells were incubated for an additional 30 min with gentle mixing prior to the addition of canine RBC (25 l of 1% RBC), and hemagglutination was assessed.
Coaggregation between different streptococci in the presence or absence of 10 mM N-acetyl-D-galactosamine (GalNAc; Sigma) was quantified by a spectrophotometric assay similar to that described previously (34) . Coaggregation of streptococci with actinomyces and aggregation of streptococci with proline-rich protein-coated latex beads were performed as previously described (25) .
Adhesion of NHS-LC-Biotin (Pierce, Rockford, Ill.)-labeled streptococci to glycoconjugates immobilized on nitrocellulose (45) was performed in the presence of either 0.1 mM CaCl 2 or 10 mM EGTA. Membranes were spotted with 1-l volumes containing 1 g of fetuin, asialofetuin, human serum albumin (HSA; Sigma), or neoglycoproteins prepared by conjugation of reduced oligosaccharides to HSA through an acetylphenylenediamine spacer (Accurate Chemical and Scientific Corp., Westbury, N.Y.). Membranes spotted with glycoconjugates were incubated overnight at 4°C with biotin-labeled bacteria, washed to remove nonadherent bacteria, incubated with avidin-D-alkaline phosphatase (Vector Laboratories, Inc., Burlingame, Calif.), washed, and developed for 5 min with 5-bromo-4-chloro-3-indolyl phosphate-nitroblue tetrazolium chloride (ImmunoPure; NBT/BCIP Substrate kit; Pierce) to detect adherent bacteria.
Antigen extraction and fractionation. S. gordonii DL1 and D102 were harvested from 6-liter overnight cultures, washed with TBS (pH 7.8), and suspended in 120 ml of buffer. Washed streptococci were sonicated in a Sonifier Cell Disruptor 350 (Branson Ultrasonics Co., Danbury, Conn.) for 5 min at 0°C under conditions similar to those described previously for removal of fimbriae from actinomyces (5) . Unbroken cells and cellular debris were removed by centrifugation, and supernatants were passed through membrane filters (pore size, 0.22 m) to obtain crude soluble antigens. Each filtered extract was dialyzed against starting buffer (20 mM Tris-HCl [pH 7.8] containing 0.1 mM CaCl 2 and 0.02% NaN 3 ) and applied to a column of DEAE Sephacel (1.6 by 25 cm; Pharmacia LKB Biotechnology, Uppsala, Sweden). Each column was rinsed with 250 ml of starting buffer and eluted with a 400-ml linear gradient of 0 to 800 mM NaCl in starting buffer. Pooled material from the DL1 sonic extract was further fractionated by lectin affinity column chromatography performed at 4°C with a column (7 by 25 mm) of succinyl wheat germ agglutinin (WGA)-Sepharose (EY Laboratories, Inc., San Mateo, Calif.).
Streptococci were also extracted in either barbital buffer (9) or 0.3 M lithium 3,5-diiodosalicylate (LIS) (40) . In addition, spent culture supernatants were filtered to remove bacteria, concentrated by ultrafiltration above a low-binding cellulose membrane (cutoff, 10,000 molecular weight; Millipore Corp., Bedford, Mass.), and dialyzed.
The amounts of protein in antigen solutions and column fractions were determined by the bicinchoninic acid (BCA) Protein Assay Reagent (Pierce) following the enhanced protocol of the manufacturer, with BSA as the standard.
Production of antisera. Rabbit antiserum R202 against S. gordonii DL1 was prepared by repeated intravenous injections of bacteria following a schedule similar to that described previously (41) . Bacteria for immunization were cultured in complex medium that was ultrafiltrated to remove macromolecules. Anti-DL1 was obtained 1 week after a series of 18 injections of washed bacterial cells (0.25 to 1.0 ml of approximately 2 ϫ 10 9 /ml) administered over 6 weeks. Rabbit antiserum R206 was produced against the DL1 antigen of interest by immunization with immunoprecipitate from rocket line immunoelectrophoresis plates (1) . Three plates were prepared, each with 300 l of DEAE Sephacel pool 1 of the DL1 sonic extract (50 g of protein/ml) and 300 l of anti-DL1 serum. The plates were soaked in cold 0.15 M NaCl to remove unprecipitated protein, and the specific immunoprecipitate was excised, suspended in 0.8 ml of 0.15 M NaCl, emulsified with an equal volume of Freund's complete adjuvant (Sigma), and administered in multiple subcutaneous sites. Anti-immunoprecipitate serum was obtained 1 week after five subsequent injections of antigen in incomplete adjuvant administered at biweekly intervals.
Rabbit antiserum R208 was prepared by immunization with pool C from the succinyl WGA affinity column. Pool C protein (50 g) in complete adjuvant was injected subcutaneously on day 1, and the same amount of protein in incomplete adjuvant on days 14 and 42. Anti-pool C serum was obtained 1 week after the last injection. For absorption, antiserum (200 l) was incubated overnight at 4°C with washed S. gordonii D102 (approximately 1.5 ϫ 10 10 bacteria) in a total volume of 1 ml of TBS and bacteria were removed by centrifugation. The serum was absorbed a total of three times and subsequently passed through a membrane filter.
Rabbit antiserum against SspB of S. gordonii M5 (8) was kindly provided by D. R. Demuth, University of Pennsylvania, Philadelphia, Pa., and rabbit IgG against SsaB of S. sanguis 12 (19) was a gift from N. Ganeshkumar, Forsyth Dental Center, Boston, Mass.
Immunological methods. Rabbit IgG was purified from serum by ammonium sulfate precipitation and anion-exchange column chromatography (7). Fab was prepared by papain digestion of IgG and purified by CM52 (Whatman, Inc., Clifton, N.J.) column chromatography as previously described (42) . Immunoglobulin and Fab concentrations were determined by using the BCA protein reagent with rabbit IgG as the standard.
Crossed immunoelectrophoresis, rocket line immunoelectrophoresis, and fused rocket immunoelectrophoresis (1) were performed with a Multiphore apparatus (Pharmacia) cooled to 4°C. After overnight electrophoresis (1 V/cm) of antigen into antibody, plates were placed in a humid chamber and incubated for 1 day at 4°C to enhance immunoprecipitation, soaked 1 day at 4°C in 0.15 M NaCl to remove unprecipitated protein, dried, and stained with Coomassie brilliant blue R-250 (Bio-Rad Laboratories, Richmond, Calif.) by the procedure described by Fairbanks et al. (15) .
Bacterial agglutination by antibody or WGA was assayed by using a standard protocol (3) in round-bottom wells of polyvinyl microtitration plates. Serial twofold dilutions of antibody or lectin (25-l aliquots) were incubated with approximately 2.5 ϫ 10 7 streptococci in a total volume of 50 l of TBS-BSA for 1 h at room temperature and overnight at 4°C. The endpoints of titrations were judged by the settling patterns of bacteria.
SDS-PAGE. Samples for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (28) were boiled for 10 min in reducing sample buffer and were applied to 8 to 16% polyacrylamide gradient gels (Novex, San Diego, Calif.). Proteins in gels either were stained with Coomassie brilliant blue R-250 (15) or with silver (Daiichi Silver Stain-II; Daiichi Pure Chemicals Co., Ltd., Tokyo, Japan) or, alternatively, were transferred (48) to nitrocellulose membranes in 12 mM Tris-HCl (pH 8.3)-96 mM glycine with 6 V/cm for 18 h at 4°C. Transferred proteins were detected with a DIG Protein Detection kit (Boehringer Mannheim Co., Indianapolis, Ind.), which labels both free amino and sulfhydryl groups. Transfers for Western blotting (48) were blocked with azide-free TBS containing 2% skim milk (TBS-milk), incubated with primary antibody and subsequently with horseradish peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad Laboratories) in TBS-milk, washed, and developed with 4-chloro-1-naphthol.
Transfers for lectin overlays (23) were blocked at room temperature in azidefree TBS containing 2% polyvinyl alcohol (type II; low molecular weight; Sigma), 0.1% Tween 20, 1 mM CaCl 2 , 1 mM MgCl 2 , and 1 mM MnCl 2 . They were then incubated at room temperature with biotinylated WGA (WGA-biotin; EY Laboratories) and subsequently with avidin-D-horseradish peroxidase (5 g/ml) in the same buffer, washed, and developed with 4-chloro-1-naphthol.
Electron microscopy. Cells (1.5 ϫ 10 9 ) of S. gordonii DL1 or D102 were washed with Hanks' balanced salt solution (HBSS; BioWhittaker, Inc., Walkersville, Md.) and incubated for 2 h at room temperature with 1 ml of primary antibody (10 g of control or immune IgG per ml in HBSS containing 0.5% BSA). After washing with HBSS-0.5% BSA, samples were suspended in 250 l of the same buffer and treated for 1 h at room temperature with 250 l of a 10-nm colloidal gold-conjugated secondary antibody (goat anti-rabbit IgG [HϩL]; AuroProbe EM; Amersham Life Science Inc., Arlington Heights, Ill.). After thorough washing, the cells were fixed overnight at 4°C with 2% glutaraldehyde-2% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.3), dehydrated with graded alcohols, and embedded in epoxy resin. Thin sections were stained with uranyl acetate and lead citrate. Bacteria and their association with the colloidal gold particles were examined with a Zeiss EM 912 Omega electron microscope.
RESULTS
Hemagglutinating activity of S. gordonii DL1 and adhesive properties of a spontaneous hemagglutination-negative mutant. Bacterium-mediated hemagglutination occurred rapidly when S. gordonii DL1 was mixed with RBC, and hemagglutination was completely abolished by sialidase treatment of RBC or protease treatment of streptococci. A slight reduction of hemagglutinating activity (i.e., twofold) was noted following periodate treatment of streptococci to oxidize surface carbohydrate. Significantly, the hemagglutinating activity of strain DL1 was identical in TBS containing either 0.1 mM Ca 2ϩ or 10 mM EGTA, indicating that bacterial hemagglutination was not Ca 2ϩ dependent. Sequential enrichment of S. gordonii DL1 for bacteria that did not hemagglutinate canine RBC resulted in the isolation of spontaneous mutant strain D102. The parent and mutant aggregated to the same extent with proline-rich protein 1-coated latex beads and coaggregated with actinomyces. In addition, coaggregation between strains DL1 and S. oralis 34 was similar to that between strains D102 and 34 and was significantly reduced in the presence of 10 mM GalNAc (results not shown). Thus, the difference in adhesion properties of the parent and mutant strains was limited to hemagglutinating activity.
Structurally defined glycoconjugates were used to assess the specificity of bacterial adhesion. Biotinylated strain DL1 was adherent to immobilized fetuin and NeuNAc␣2-3Gal␤1-4(Glc)-HSA in the presence of 0.1 mM Ca 2ϩ or 10 mM EGTA but failed to adhere to asialofetuin, NeuNAc␣2-6Gal␤1-4(Glc)-HSA, or Gal␤1-4(Glc)-HSA in the presence or absence of 0.1 mM Ca 2ϩ (Fig. 1) . Mutant strain D102 did not bind to any of these glycoconjugates. Both strains were adherent to GalNAc␤1-3Gal␣1-4Gal␤1-4(Glc)-HSA but only in the presence of Ca 2ϩ . Neither strain bound to Gal␤1-3GalNAc␤1-4Gal␤1-4(Glc)-HSA. Collectively, these findings associate a Ca 2ϩ -independent lectin activity for ␣2-3-linked sialic acidcontaining receptors with the hemagglutinating activity of parent strain DL1.
Antigenic comparison of parent and mutant strains. Various procedures were utilized in attempts to extract the hemagglutinating activity from strain DL1 including sonication (5) or extraction with either 0.3 M LIS (40) or barbital buffer (9) . The extracts obtained by these procedures lacked soluble hemagglutinating activity. However, reduced hemagglutinating activity of treated bacteria was noted following sonication of streptococci. Further evidence for the sonic extraction of a streptococcal cell surface structure associated with adhesion was obtained by crossed immunoelectrophoresis of DL1 and D102 sonic extracts with anti-DL1 serum ( Fig. 2A and B,  respectively) . A number of shared antigens were present in the extracts of these bacteria. In addition, the DL1 extract contained a unique antigen (indicated by the arrow in Fig. 2A which we have designated as the Hs antigen because of its association with streptococcal hemagglutinating activity. A dense precipitin arc, which was also unique to the DL1 pattern, was noted below the Hs antigen, near the boundary of the antibody-containing gel.
Sonic extracts of strains DL1 and D102 were separated by DEAE Sephacel column chromatography (Fig. 3A) , and the fractions were analyzed for reactions with anti-DL1 serum by fused rocket immunoelectrophoresis (Fig. 3B) . The Hs antigen in the DL1 sonic extract emerged in fractions collected at the beginning of the salt gradient (i.e., fractions 38 to 45 containing from 5 to 50 mM NaCl). Two nonoverlapping precipitin arcs were observed in these fractions, both of which were absent from the D102 pattern. Following concentration of the DL1 pool 1 fractions and membrane filtration, the height of the slowly migrating precipitin arc was reduced, presumably due to (Fig. 3C) . Only the latter component was detected in pool 1 of mutant strain D102. Thus, the Hs antigen was identified in the high-molecularweight region of Western blots.
Fractions from ion-exchange chromatography of parent and mutant sonic extracts were also spotted on nitrocellulose and overlaid with a rabbit antibody against SspB (SSP-5) of S. gordonii M5. The cross-reactive antigen of strain DL1 was detected from fractions 48 to 58 of the DL1 and D102 chromatograms but not in pool 1, thereby indicating separation of the Hs antigen from SspB (results not shown).
Isolation of Hs antigen and production of a specific antibody. An important observation made during the present study was the reaction of WGA, a GlcNAc binding lectin, with the Hs antigen. This reaction, which was initially detected by WGA-mediated agglutination of strain DL1 but not D102, was utilized to further purify the Hs antigen. Pool 1 material (900 g of protein) from the DL1 sonic extract was applied to a column of succinyl WGA-agarose. The column was washed with buffer to obtain fractions that were either not retained (pool A) or weakly retained (pool B) prior to elution with 100 mM GlcNAc (pool C) and subsequently with 1.2 M NaCl (pool D) as indicated in Fig. 4A . Each pool was concentrated and examined by Western blotting with antiserum against immunoprecipitated Hs antigen (i.e., the sharp upper arc of the pool 1 immunoelectrophoretic pattern of strain DL1 shown in Fig.  3B ). The Hs antigen was barely visible with 50 g of crude sonic extract protein but was observed as two broad bands with 1.5 g of pool 1 protein from the DL1 sonic extract (Fig. 4B) . Material that eluted from the WGA affinity column migrated with the lower band. The reaction of anti-immunoprecipitate serum, although weak, indicated enrichment of the Hs antigen in the GlcNAc eluate (pool C). Thus, the immunoreactive band in the 200-kDa region of the transfer observed with 0.5 g of pool C protein was at least as strong as that observed with 2.5 g of pool B protein and considerably stronger than that observed with 4 g of pool A protein. The reaction of WGA-biotin on an identical transfer was localized to the upper band of the pool 1 pattern observed with anti-immunoprecipitate serum (Fig. 4B) . WGA-biotin-reactive material was not detected in pools A, B, or D from succinyl WGA Sepharose but was detected in pool C as two faintly stained bands. Thus, a substantial fraction of the soluble Hs antigen in pool 1 of the DL1 sonic extract appeared to be WGA reactive.
Isolation of the Hs antigen was also monitored by SDS-PAGE and silver staining. A band in the region of the Hs antigen (i.e., above the 200-kDa marker) was not observed in the sonic extract of strain DL1, even when the lane was overloaded as was intentionally done in Fig. 5 . However, a faint band in this region was noted with DEAE Sephacel pool 1 of the DL1 sonic extract and also with pool C of the succinyl WGA affinity column. Although this band was stained with silver, it was not stained with Coomassie brilliant blue (results not shown). Pool C also contained material that did not enter the SDS-polyacrylamide gel and only one additional band of lower molecular mass at 37 kDa. When pool C was transferred to nitrocellulose and overlaid with rabbit antibody against DL1 cells (Fig. 5) , a broad zone of high-molecular-mass material was detected, but no bands below the 118-kDa marker were detected. Material in pool C was weakly labeled with digoxigenin-containing reagents for detection of free-amino or sulfhydryl groups (Fig. 5) . Stronger labeling of transferred pool C was noted with biotin hydrazide following periodate oxidation indicating the presence of carbohydrate (Fig. 5) .
Pool C material from the succinyl WGA affinity column formed a single precipitin arc in crossed immunoelectrophoresis with antiserum against strain DL1 (Fig. 6A ) in a position similar to that indicated by the arrow in Fig. 1 . Moreover, a rabbit antiserum prepared against pool C material precipitated only one antigen from the sonic extract of strain DL1 (Fig. 6B) and, as expected, none from the sonic extract of strain D102 (results not shown). While these reactions indicate the presence of antibody against the Hs antigen, the sensitivity of immunoprecipitation is not sufficient to preclude the presence of other antibodies against additional bacterial antigens. Consequently, Western blotting of crude antigen preparations was also performed with a high concentration of anti-pool C serum (i.e., 1/100 dilution). Under these conditions, reactions were seen with a number of bands other than the Hs antigen in the sonic extracts and culture supernatants of strains DL1 and D102 (Fig. 7) . However, all contaminating antibodies were removed by absorption of anti-pool C serum with washed D102 cells. The antibody in absorbed serum reacted weakly in the 200-kDa region upon the transfer of DL1 sonic extract but not upon the transfer of D102 sonic extract (Fig. 7) . Hs antigen was also detected as a faint band above the 200-kDa marker upon the transfer of DL1 culture supernatant but not upon the transfer of D102 culture supernatant. That the band from culture supernatant appeared slightly above the Hs antigen observed in DL1 sonic extract raises the possibility of antigen degradation during sonic extraction. These observations also document the specificity of the antibody used in subsequent experiments and clearly illustrate the difficulty of detecting the Hs antigen by Western blotting.
Electron microscopy. The Hs antigen was localized on the surface of S. gordonii DL1 by immunoelectron microscopy utilizing absorbed anti-pool C IgG (Fig. 8) . Immunogold labeling of the distal portions of fibrillar structures on the surface of strain DL1 but no labeling of morphologically similar structures on the surface of strain D102 was observed. Neither strain DL1 nor D102 was labeled when preimmune serum was used as the primary antibody.
Specific inhibition of hemagglutination by anti-Hs antibodies. Absorbed anti-pool C immune IgG and Fab at concentrations of as little as 1 and 2 g/ml, respectively, inhibited the hemagglutinating activity of strain DL1, whereas preimmune IgG or Fab was inactive at concentrations of as much as 170 g/ml. In comparable assays, anti-DL1 serum at dilutions of as much as 1/9,600 also inhibited bacterial hemagglutination, but preimmune serum at a dilution of 1/6 did not. The specificity of inhibition was evident from further experiments in which antigen-containing solutions from different stages of the Hs antigen purification scheme were preincubated with Fab or anti-DL1 serum to neutralize the antibody that inhibited bacterium-mediated hemagglutination. Both antibodies were neutralized by low concentrations of pool C and by progressively greater concentrations of pool 1 and sonic extract of strain DL1 (Table 1 ). In contrast, antigen preparations from strain D102 lacked neutralizing activity. These findings indicate that antibodies directed against the Hs antigen inhibit the hemagglutinating activity of strain DL1, whereas antibodies directed against the surface antigens of strain D102 are either far less active or inactive as inhibitors of adhesion. Detection of Hs-like antigens on heterologous strains. In addition to S. gordonii DL1, other viridans group streptococci were examined for the presence of Hs-like antigens. Initially, anti-pool C Fab was tested for inhibition of bacterium-mediated hemagglutination with S. gordonii 38, SK6, SK184, SK9, and SK12, but no inhibition was observed. These five strains (Table 2 ) and eight others with hemagglutinating activity (25) (not included in Table 2 ) were, however, agglutinated by antipool C immune IgG. The concentrations of antibody required for these heterologous reactions ranged from 10 to 1,000 that required for agglutination of strain DL1. These reactions were strongest with strains SK184, SK12, and SK9, intermediate with the eight S. gordonii strains not listed in Table 2 , and weakest with strains 38 and SK6. In contrast, S. gordonii M5 and 10558, which lack hemagglutinating activity (25), did not react with anti-pool C IgG. Moreover, this antibody agglutinated S. sanguis 10556, the type strain of this species, but did not agglutinate strain SK1, a hemagglutination-negative variant of strain 10556 (25) . Anti-pool C IgG did not, however, agglutinate S. oralis 34, which has hemagglutinating activity for 
a Minimal concentration of IgG or WGA for agglutination of streptococci (2.5 ϫ 10 7 ) in a total volume of 50 l. b Biovars based on biochemical and serological differences between strains (27) .
c Bacterium-mediated hemagglutinating activities summarized from previous determinations with human, goat, canine, or guinea pig RBC (25) .
d IgG fraction of anti-pool C serum absorbed with strain D102. e Strain FW213 was negative for hemagglutination of canine RBC.
goat RBC (25) , and also failed to agglutinate S. parasanguis FW213, which lacks hemagglutinating activity for canine RBC but has a glycosylated fimbrial structure that mediates adhesion of this strain to SHA (13, 14, 16) . Like anti-pool C IgG, WGA reacted with all S. gordonii strains that possess hemagglutinating activity, but not with strains D102, M5, and 10558, which are hemagglutination negative. The minimum concentrations of WGA for bacterial agglutination was approximately 60 g/ml for strain 38 and from 0.1 to 2 g/ml for all other S. gordonii strains with hemagglutinating activity, six of which are listed in Table 2 . WGA also reacted with S. sanguis 10556, a strain that hemagglutinated, but not with SK1, the hemagglutination-negative variant. Thus, the reactions of WGA with these bacteria were closely correlated with the reactions of anti-Hs antibody and with the expression of sialic acid binding lectin activity detected by bacterial hemagglutination.
DISCUSSION
The present results indicate that the adhesion of S. gordonii DL1 to sialic acid-containing receptors on RBC is specifically inhibited by antibody directed against a single antigenic component in the outer fibrillar layer of the bacterial surface. This component, which has been designated the Hs antigen, was identified by an antigenic difference in crossed immunoelectrophoresis between the undenatured cell surface structures removed by sonication of strain DL1 and a spontaneous hemagglutination-negative mutant. Mutant strain D102 lacked one parental antigen and was negative for adhesion to the NeuNAc␣2-3Gal termini of immobilized glycoproteins and neoglycoproteins but was indistinguishable from parent strain DL1 in other adhesive properties. Antibody against the Hs antigen reacted with a high-molecular-weight component composed of protein and WGA-reactive carbohydrate that was not easily detected by Western blotting or silver staining. The reactions of both anti-Hs antibody and WGA with several other S. gordonii and S. sanguis strains also suggested the presence of Hs-like antigens on strains of these species that possessed hemagglutinating activity but not on strains that were negative for this adhesive property. Considered together, these findings suggest that adhesion of these bacteria to sialic acid-containing receptors depends on a common type of cell surface structure which differs antigenically among strains.
Previous results suggested that sialic acid-binding adhesins, which are detectable by bacterial hemagglutination, are present on most strains of S. sanguis and S. gordonii and a majority of S. oralis strains (25) . Streptococci with hemagglutinating activity were generally more adherent to SHA than to sialidase-treated SHA, although the contribution of sialic acidbinding lectins was masked with certain strains by the presence of other adhesins for proline-rich proteins. Surprisingly, S. gordonii M5, a well-studied strain (9, 11, 12) , was negative for bacterial hemagglutination (25) , thereby suggesting that this adhesive interaction may not be mediated by SspA or SspB (formerly SSP-5), the surface proteins that mediate sialic acidinhibitable aggregation of strain M5 in the presence of salivary agglutinin, an interaction that is Ca 2ϩ dependent (11, 12) . This possibility was supported in the current investigation by the demonstration that the hemagglutinating activity of strain DL1 does not require Ca 2ϩ and also by the association of this activity with the Hs antigen which was separated from the homolog of SspB by anion-exchange column chromatography of the strain DL1 sonic extract. A contribution of SspB to bacterial hemagglutination was previously suggested from a fourfold reduction of bacterial hemagglutinating activity observed following insertional inactivation of the SspA and SspB genes (10) . However, a partial reduction of hemagglutinating activity could also result from a pleiotropic effect of the inactivated SspA and SspB genes on the cell surface exposure of another component such as the Hs antigen. Once the genes for Hs antigen are identified, it will be important to determine whether insertional inactivation of this locus results in a complete or partial loss of sialic acid-binding lectin activity.
The properties of the Hs antigen of strain DL1 are also distinct from those of the hemagglutinin of S. mitis KS32AR (39, 40) . LIS extraction of the latter strain yielded soluble hemagglutinating activity that was attributed to disulfidelinked proteins with molecular masses of 96 and 70 kDa. In contrast, soluble hemagglutinating activity was not detected with the LIS or sonic extracts of strain DL1 or with the purified Hs antigen. In previous studies, isolated actinomyces type 2 fimbriae also lacked agglutinating activity; however, this activity was detected with fimbriae in immune complexes formed with type 2 fimbria-specific monoclonal antibodies or with type 2 fimbriae adsorbed on latex beads (4). Both procedures restore multivalence and thereby permit detection of low-affinity lectin binding. Similar experiments performed with purified Hs antigen in the present investigation failed to detect hemagglutinating activity (results not shown), perhaps because the antibodies used to form immune complexes inhibited the putative lectin activity of Hs antigen or because of inadequate adsorption of soluble Hs antigen to latex beads. Clearly, unequivocal identification of the Hs antigen as the cell surface structure that mediates adhesion to sialic acid-containing receptors must ultimately depend on the detection of specific binding, either with the antigen purified from streptococci or the corresponding cloned protein isolated from Escherichia coli. This detection may require the use of additional molecular cross-linking strategies, including chemical approaches similar to that used in studies of a sponge aggregation factor (36) . Consideration of such approaches in the current investigation was limited by the small amount of purified Hs antigen.
Short peritrichous fibrils, similar to those on S. gordonii DL1, were previously observed on two strains of S. sanguis, each with hemagglutinating activity, but not on four strains of S. mutans that had smooth cell surfaces and were negative for bacterial hemagglutination (24) . Subsequently, adhesion of S. sanguis 12 to sialidase-sensitive receptors of SHA was suggested to depend on a fibrillar glycoprotein that migrated above the 200-kDa marker in SDS-PAGE (37, 38) . This structure may well be similar to that of the Hs antigen of strain DL1. The nature of the association between protein and carbohydrate in these structures is unclear. Resistance of the strain 12 fibrillar glycoprotein to digestion with either lysozyme or mutanolysin suggested that the carbohydrate moiety of this structure was not peptidoglycan (37) . The Hs antigen of strain DL1 is also not degraded by these enzymes (results not shown), but a substantial fraction reacted with WGA, a GlcNAc-binding plant lectin that reacts with peptidoglycan (31) . Consequently, it is not clear whether the Hs antigens of viridans group streptococci are true glycoproteins or, alternatively, proteins covalently linked through peptidoglycan-related structures (46) that are resistant to lysozyme and mutanolysin digestion. The detection of Hs antigen that was not bound by the succinyl WGA affinity column in addition to that which was bound (i.e., pool C) may be explained by association of a protein moiety with various amounts of exposed carbohydrate. Whether such heterogeneity is characteristic of the Hs antigen or was introduced by sonic extraction of the corresponding cell surface structure remains to be determined.
Adhesion of S. parasanguis FW213 to SHA was inhibited by a monoclonal antibody that reacted with fimbriae on the bacterial surface and with a diffuse band that migrated near the 200-kDa marker in SDS-PAGE (13, 14) . Recent studies indicate that the fimbrial antigen of strain FW213 is glycosylated (16) and thereby suggest a possible similarity between this component and the Hs antigen of strain DL1. Strain FW213 was agglutinated by a high concentration of WGA (Table 2) but, unlike DL1, lacked hemagglutinating activity, at least with canine RBC. It has been suggested that a 35-kDa protein, FimA, is associated with FW213 fimbriae based on the detection of this protein with a rabbit antibody against strain FW213 that was absorbed with a nonadherent mutant lacking the fimbrial antigen (17) . In the current study, the 35-kDa DL1 homolog of FimA, which was detected by Western blotting with anti-SsaB (19) , was present in pool 1 from the DL1 and D102 sonic extracts as well as in fractions collected from other regions of the DEAE Sephacel column chromatograms (results not shown). In addition, anti-DL1 serum, which contains antibody against the FimA homolog, did not detect this component in pool C (Fig. 5) . Thus, this 35-kDa protein, which is a membrane lipoprotein (18), is not specifically associated with the Hs antigen. We suspect that the extraction of bacterial cell surface antigens by methods such as sonication results in release of membrane components which are then carried in small amounts through the steps of Hs antigen purification. Consequently, the production of rabbit antibodies in the present study that react with low-molecular-weight bands in Western blotting following immunization with purified Hs antigen (i.e., pool C from the succinyl WGA affinity column) most likely represents a response to contaminating proteins rather than to minor structural components of the Hs antigen. The fimbriae and shorter fibrillar structures that occur on S. gordonii and related oral species are likely sites of specific adhesins. The association of sialic acid-reactive lectin activity with a specific fibrillar antigen of strain DL1 raises the possibility that other adhesins such as those for proline-rich protein and GalNAc receptors (25) are also associated with distinct components of the fibrillar layer. To our knowledge, streptococcal surface structures such as the Hs antigen, which appear to be composed of covalently linked protein and carbohydrate, have not been dissociated to subunits nor have the corresponding genes been cloned. In this regard, a protein that reacts strongly with specific anti-Hs antibody has recently been identified by cloning and expression of a streptococcal gene in E. coli (47) . Characterization of the cloned gene, which is in progress, should clarify the relationship of the Hs antigen to other streptococcal cell surface proteins (26) and also provide a molecular basis for further studies to define the sialic acidbinding adhesins of oral viridans group streptococci.
